The objective of this study was to determine whether endogenous nitric oxide (NO), specifically the inducible NO synthase isoform (iNOS: NOS II), reduces or amplifies lung injury in mice breathing at a high oxygen tension. Previous studies have shown that exogenous (inhaled) NO protects against hyperoxia-induced lung injury, and that endogenous NO derived from iNOS inhibits leukocyte recruitment and protects against lung injury induced by lipopolysaccharide. In the present study, hyperoxia ( Ͼ 98% O 2 for 72 h) induced acute lung injury in both wild-type and iNOS-deficient mice as determined by elevated albumin and lactate dehydrogenase levels in bronchoalveolar lavage fluid (BALF) and by increased extravascular lung water. Lung injury was greater in iNOS-deficient mice than in wild-type mice and was associated with an increased number of polymorphonuclear leukocytes in BALF. iNOS messenger RNA expression levels increased in the lungs of wild-type hyperoxic mice. Nitrotyrosine, a marker of reactive NO species, was expressed in both wild-type and iNOSdeficient mice in hyperoxia, indicating an iNOS-independent pathway for protein nitration. We conclude that iNOS is capable of reducing pulmonary leukocyte accumulation and lung injury. The data indicate that iNOS induction serves as a protective mechanism to minimize the effects of acute exposure to hyperoxia.
Cell-derived nitric oxide (NO) may enhance inflammatory lung injury reacting with O 2 to form the cytotoxic compound nitrogen dioxide, and with superoxide to form the highly reactive molecule peroxynitrite to result in tissue nitration (1) , impaired enzyme system function, and cytotoxicity (2) . Alternatively, as antioxidants, both exogenous and endogenous NO may reduce injury by counteracting the cytotoxic effects of reactive oxygen species (2) (3) (4) . Cellderived NO is produced by three NO synthase (NOS) isoforms: NOS I, II, and III. On the basis of data demonstrating its induction by proinflammatory cytokines and the generation of high NO levels (2) NOS II, the inducible isoform (iNOS), is considered important in the inflammatory response. Constitutive expression of iNOS in the lung (5, 6 ) may increase directly in response to injury, or indirectly via expression of the iNOS-inducing cytokines tumor necrosis factor (TNF)-␣ (7-9) and interleukin (IL)-1 ␤ (8, 9).
iNOS-derived NO protects against lung injury induced by intravenous administration of lipopolysaccharide (LPS) (6) but whether it enhances or reduces oxidant-induced lung injury is not known.
The objective of this study was to determine whether the iNOS isoform protects against acute continuous exposure to 100% oxygen in a well-described in vivo model of lung injury (10) (11) (12) (13) . Prolonged exposure to this oxygen tension typically induces pulmonary edema and an inflammatory cell infiltrate (14, 15) . A second objective was to identify sites of tissue nitration, using nitrotyrosine (a product of reactive NO species) as a marker, and from this to determine whether iNOS isoform-derived NO exacerbates tissue nitration in hyperoxia. This pathway of iNOS formation and the generation of peroxynitrite is suspected in patients who develop idiopathic pulmonary fibrosis (16) .
To identify the role of iNOS in hyperoxia-induced lung injury, we used mice obtained from a colony established by MacMicking and colleagues in which the NOS isoforms I and III are present but functional iNOS (NOS II) activity is absent (17) , as also judged by an altered response to LPS or infection (6, (17) (18) (19) . We assessed the number of inflammatory cells and the albumin and lactate dehydrogenase (LDH) levels in bronchoalveolar lavage fluid (BALF), extravascular lung water and dry lung weights and extravascular wet-to-dry weight ratio, and cellular sites of iNOS protein and nitrotyrosine expression within the normoxic and hyperoxic lung.
Materials and Methods

General Protocol
These studies were approved by the Subcommittee on Research Animal Studies of the Massachusetts General Hospital, and conformed with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health.
We established a colony of iNOS gene-disrupted mice from animals provided by Dr. Carl Nathan (Cornell University Medical School, New York, NY) and Dr. John Mudgett (Merck Research Laboratories, Whitehouse Station, Rahway, NJ). These mice were generated from a C57BL/6J blastocyte injected with a recombinant SV129 ES cell lacking the promoter and exons 1 through 4 of the iNOS-gene (17) . Because of the mixed genetic background of these iNOS-deficient mice our wild-type mice were an F1 hybrid of C57BL/6J and SV129 (Jackson Laboratory, Bar Harbor, ME). On the basis of a lack of functional iNOS activity, MacMicking and colleagues originally described the iNOS 5 Ј region-deleted mice as iNOS-deficent (17) . Because our mice were genetically identical we continued to term them iNOS-deficient, although in the present study we demonstrate absence of the 5 Ј region of the iNOS gene and expression of the 3 Ј region.
Wild-type mice were randomly assigned into groups that subsequently breathed air or Ͼ 98% O 2 continuously at normobaric pressure (wild-type normoxia and wild-type hyperoxia groups, respectively): iNOS-deficient mice were similarly assigned to iNOSdeficient normoxia and iNOS-deficient hyperoxia groups. These mice were 4 to 6 wk old (between 16 and 30 g body weight), and age-matched mice were used in all studies.
To breathe Ͼ 98% O 2 , mice were placed in cages inside a Plexiglas chamber (a consumption-dependent, flow-through system consisting of a main chamber and air lock) as was used previously (7, (20) (21) (22) . The main chamber was filled with 100% O 2 , the cages were placed in the air lock of the exposure chamber, and the air lock was flushed with 100% O 2 . When the air lock and main chamber had equilibrated ( Ͼ 85% O 2 ) the cages were moved into the main chamber through the connecting door and the main chamber was flushed with 100% O 2 until (within minutes) an O 2 sensor recorded Ͼ 98%. The flow of oxygen into the main chamber was adjusted (relative to the number of mice) to maintain the O 2 concentration at Ͼ 98% and to prevent any buildup in humidity (condensation). The O 2 sensor confirmed that it remained constant, i.e., once the exposure started the mice were not subjected to fluctuation in the oxygen level. We had continuous access to the animals via gloved portholes.
We evaluated the time course of iNOS expression by reverse transcriptase/polymerase chain reaction (RT-PCR) in lung homogenates from mice breathing air or Ͼ 98% O 2 for 6, 24, 48, and 72 h. For all other studies, we examined the response to Ͼ 98% O 2 for 72 h because this exposure is known to cause pulmonary edema and an inflammatory cell infiltrate (14, 15) and because this fell short of the time reported for 50% survival (4 to 6 d) at this concentration (9) (10) (11) (12) (13) . In an initial study we confirmed a survival time of 135 Ϯ 3.6 h (mean Ϯ standard error of the mean [SEM]) for wild-type mice exposed to Ͼ 98% O 2 ( n ϭ 24). Thus, in our studies, as in others (9, 23) , no wild-type mice died before 72 h, and no iNOS-deficient mice died before 72 h.
Mice were anesthetized (xylazine and ketamine: 20 and 50 mg/kg, respectively, intraperitoneally) and killed by severing the abdominal aorta.
RT-PCR of Lung Homogenates
Lung tissue samples ( ‫ف‬ 100 mg) from two mice in each group were homogenized in guanidine and phenol (Isogen; Nippon Gene, Toyama-shi, Toyama, Japan), total RNA was extracted according to the manufacturer's instructions, and the final RNA concentration was determined (DU-640 Spectrophotometer; Beckman Instrument, Fullerton, CA).
Complementary DNA (cDNA) was synthesized by reverse transcription using a SuperScript Preamplification System (Life Technologies GIBCO BRL, Rockville, MD). Briefly, the reaction solution (total 19 l: 3 g of total RNA in 11 l diethylpyrocarbonate-treated water, 1 l oligoDT, 2 l PCR buffer, 2 l 25 mM MgCl 2 , 1 l 10 mM deoxynucleotide triphosphate mix, and 2 l 0.1 M dithiothreitol) supplemented with 0.5 l ribonuclease (RNase) inhibitor (RNasin; Promega Corp., Madison, WI) was incubated at 42 Њ C (5 min), 1 l (200 units) of SuperScript II RT was added, and subsequent reactions were carried out at 42 Њ C for 50 min followed by heating at 70 Њ C (15 min) to terminate the reaction. The residual RNA was catalyzed by incubating with 1 l of RNase H (Life Technologies GIBCO BRL) at 37 Њ C (20 min), and the final cDNA products were stored at Ϫ 20 Њ C.
cDNA aliquots (1 l) were amplified in 1 ϫ PCR buffer (5 l 10 ϫ PCR buffer in a total of 50 l), a 200 M mix of deoxynucleotide (GeneAmp dNTP Mix; Perkin-Elmer Applied Biosystems, Branchburg, NJ), and 100 pmol each of the specific 5 Ј and 3 Ј starter primers using a PCR amplifier (PTC-200 DNA Engine; MJ Research, Inc., Watertown, MA). We used two pairs of primers. For the 5 Ј region, an upper primer was designed to cover exons 4 and 5 and the junction because exons 1 through 4 were deleted in our iNOS-deficient mice (17) . On the basis of a homology analysis of human iNOS exon 4 (x85762) and exon 5 (x85763) with mouse iNOS (U43428), the junction of exons 4 and 5 of mouse iNOS was identified, and we used an upper primer sequence (5 Ј -3 Ј ) AGGCCACATCGGATTTCAC that covers exons 4 and 5 through the junction and a lower primer sequence of GCATTCCTCCAGGCCATCT with a final PCR product of 283 base pairs (bp). For the 3 Ј region, we used a mouse iNOS primer set (Cat# 5475-1,-3; Clontech Laboratories, Palo Alto, CA) that does not create PCR products by amplifying genomic DNA with a final PCR product of 496 bp. As an internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was amplified using GGTGAAGGTCGGTGTCAACGGATTT and GAT-GCCAAAGTTGTCATGGATGACC as upper and lower primer sequences (24) with a final PCR product size of 502 bp. Briefly, AmpliTag Gold (Perkin Elmer Applied Biosystems) was added to each tube (2.5 U) during the first hot-start step (95 Њ C for 9 min), with each cycle consisting of heat denaturation and primer-annealing and -polymerization at 94 Њ C for 30 s and 70 Њ C for 1 min, respectively (36 cycles for both the 5 Ј and 3 Ј regions of iNOS, and 25 cycles for GAPDH, to ensure amplification in the exponential range). Aliquots of PCR products normalized to give signals equivalent to the GAPDH cDNA were electrophoresed through 2% agarose (NuSieve; FMC BioProducts, Rockland, ME) containing 0.5 g/ml ethidium bromide. Gels were visualized under ultraviolet light and digital images captured using a CCD camera system (FAS-III; Toyobo, Chuo-ku, Tokyo, Japan).
BALF
Lungs were lavaged (0.035 ml/g ϫ g body weight, five times) with endotoxin-free saline (Addipak; Hudson RCI, Temecula, CA). BALF samples from eight mice in each group (i.e., a total of 32 mice) were collected on ice and centrifuged ( ϫ 1,500 rpm for 5 min at 4 Њ C). The supernatant was stored frozen for LDH and albumin assays ( Ϫ 60 Њ C). After resuspension of the cell pellet in phosphate-buffered saline (PBS) (0.5 ml), the total number of nucleated cells was counted in a hemocytometer using trypan blue dye exclusion to confirm viability. PBS ( ‫ف‬ 4.5 ml) was added to the remaining cell suspension and cytospin preparations were made by placing 0.3 ml in each funnel of a Cytospin II (Shandon, Cheshire, UK; ϫ 1,200 rpm for 4 min). The cells were stained with Leukostat (Fisher Scientific, Pittsburgh, PA) and a differential leukocyte count was performed.
Extravascular Lung Water Weight, Dry Lung Weight, and Wet-to-Dry Weight Ratio
Extravascular lung water and dry lung weights and a wet-to-dry weight ratio corrected for pulmonary blood volume (25) were obtained for five mice in each group (i.e., a total of 20 mice). Briefly, Ͼ 0.15-ml aliquots of lung homogenate (prepared by adding 0.4 ml distilled water [dH 2 O] to 0.2 g lung fragments) and 0.15-ml aliquots of whole blood from the abdominal aorta were weighed and dried (at 60 Њ C for 72 h). Other aliquots of homogenates were centrifuged ( ϫ 15,000 rpm for 30 min) and 0.45 ml of the supernatant was cleared by adding 0.05 ml of 10% sodium lauryl sulfate (Sigma, St. Louis, MO). The supernatant mixture (100 l) and whole blood (10 l) were each mixed with the reaction solution (2.5 ml) from a commercial kit (HbWako; Wako, Osaka, Japan), and the hemoglobin concentrations were measured by a cyanomethemoglobin technique (DU-64 Spectrophotometer; Beckman Instrument).
Tissue Preparation and Immunohistochemistry of iNOS and Nitrotyrosine
The hearts and lungs of five mice in each group (i.e., a total of 20 mice) were exposed via a midline incision through the sternum, the pulmonary veins were ligated, and the lungs were inflated with 4% paraformaldehyde in PBS via polyethylene catheters in the trachea and main pulmonary artery (at 100 and 23 cm H 2 O, respectively) (26) . The lungs were removed and fixed for an additional 3 h. To confirm even distribution of the histologic findings, tissue was excised from the right cardiac and diaphragmatic lobes and from the single-lobed left lung and stored in fixative at 4 Њ C overnight. The tissue blocks were washed in water (2 h), rinsed in dH 2 O (2 h), dehydrated in ethanol, cleared in toluene, and embedded in paraffin wax. Sections, 4 m thick, were deparaffinized, hydrated in ethanol, rinsed in dH 2 O (5 min), and quenched in a humid chamber (3% H 2 O 2 in absolute methanol for 10 min). After rinsing in PBS (three 5-min rinses), they were treated with normal serum (10 min) and incubated overnight at 4 Њ C with an antibody to iNOS (1:125 in PBS rabbit polyclonal immunoglobulin [Ig] G from Alexis Biochemicals Corp., San Diego, CA; 1:100 in PBS from Transduction Laboratory, Lexington, KY; or 1:100 in PBS SA-200 from Biomol Research Labs, Plymouth Meeting, PA) or nitrotyrosine (1:100 in PBS rabbit polyclonal IgG from Upstate Biotechnology, Lake Placid, NY). Using reagents from a commercial kit (Histostain SP kit; Zymed Laboratories Inc., South San Francisco, CA) the sections were treated with a secondary antibody (biotinylated goat antirabbit IgG) and an enzyme complex, reactive sites were visualized with aminoethylcarbazole, and the sections were counterstained with hematoxylin. The chromogen produces a red reaction product. The distribution of immunoreactive cells was the same in sections stained with each iNOS antibody.
The iNOS antibodies used in this study did not cross-react with neuronal (NOS I) or endothelial NOS (NOS III) by Western analysis ( see Manufacturer's Data Sheets). We ran additional preadsorption experiments to confirm the specificity for the NOS isoform. For this we used the Biomol antibody raised against a mouse macrophage C-terminal NOS II peptide (amino acids 1131-1144 with an N-terminal cysteine) because a control blocking peptide (N-acetyl-Cys-Lys-Lys-Gly-Ser-Ala-Leu-Glu-Glu-ProLys-Ala-Thr-Arg-Leu-NH 2 ) was available (SA200 and SP200, respectively; Biomol Research Labs). After preincubation of the antibody with the peptide (for 24 h at 4 Њ C and at a concentration recommended by the manufacturer) no immunoreactive sites were detected in tissue. The peptide-to-antibody ratio and the length of the binding incubation are two variables that influence blocking ( see Manufacturer's Data Sheet). In a previous study, using the same peptide-to-antibody ratio as in the present study, we established that the control peptide blocks immunoreactivity to the iNOS antibody after 24 h preabsorption (22) .
Sections of lung tissue from rats exposed to chronic hyperoxia were used as a positive control for iNOS immunoreactivity, the alveolar macrophages of these animals being intensely stained (22) . As a positive control for nitrotyrosine staining, the sections were quenched (3% H 2 O 2 ), washed in PBS (three times), and incubated (for 2 h at 37 Њ C) in a 1 mM peroxynitrite solution (Upstate Biotechnology).
As a negative control, nonimmune IgG was applied to the lung section instead of the primary iNOS antibody. Negative controls for nitrotyrosine staining included: ( 1 ) preadsorption of the nitrotyrosine antibody by incubation with 20 mM of authentic nitrotyrosine, and ( 2 ) the application of nonimmune IgG to the lung section instead of the primary antibody. No reactive sites were detected in these negative control sections.
To exclude the possibility of endogenous peroxidase leading to tyrosine nitration in the presence of intrinsic nitrite during quenching (27) , or of the conversion of aminotyrosine to nitrotyrosine in the presence of intrinsic copper during quenching (28) , tissue sections were flooded with three washes (20 s each) of 1 M sodium hydrosulfite (adjusted to pH 9.0 to 9.5 with 2 N NaOH), and quenched with 3% H 2 O 2 before being stained for nitrotyrosine. No reactive sites were detected in the control sections, confirming the absence of artifactual production of nitrotyrosine. To determine whether the nitrotyrosine antibody cross-reacted with tissue-derived chlorotyrosine (a by-product via peroxidase), we incubated peroxynitrite-treated sections (rich in nitrotyrosine) in the nitrotyrosine antibody after its preadsorption with 20 mM authentic chlorotyrosine. Reactive sites confirmed the absence of cross-reactivity with chlorotyrosine.
Statistical Analysis
Values are expressed as means Ϯ standard deviation (SD) unless otherwise stated. One-way analysis of variance (ANOVA) with Scheffé's post hoc test was used to detect differences among the four groups of mice save for LDH levels. For this we used an unpaired t test to compare the values obtained for the two hyperoxia groups of mice because LDH was undetected in either of the normoxia groups. P values less than 0.05 were considered significant.
Results
RT-PCR of Lung Homogenates
Semiquantitative RT-PCR using primers for the 5 Ј region of iNOS messenger RNA (mRNA) detected iNOS expression in the lungs of untreated wild-type mice and enhanced expression after 24 h of hyperoxia. No iNOS mRNA was detected in iNOS-deficient mice (Figure 1) .
Because of unexpected iNOS immunoreactivity in iNOSdeficient mice ( see later text) we performed RT-PCR using primers targeted to either the 3 Ј region of iNOS mRNA (the region with no deleted exons) or to the 5 Ј region (the region with exon 4 deleted). Primers for the 3 Ј region detected iNOS mRNA in both the wild-type and the iNOSdeficient mice (Figure 2 ).
Cell Counts, Albumin, and LDH Levels in BALF
Values for the total and differential cell counts and the albumin level in BALF were similar in the two normoxia groups (Table 1 ). In the wild-type hyperoxia group the total cell count was decreased (Table 1) due to a fall in the number of alveolar macrophages (Figure 3) , whereas BALF albumin levels were increased and LDH was detected (Table 1). In the iNOS-deficient hyperoxia group the number of alveolar macrophages also fell but the total number of cells was maintained by an increase in polymorphonuclear leukocytes (PMNs) (Figure 3) , and BALF albumin and LDH levels were increased as compared with the wildtype hyperoxia group (Table 1) .
Extravascular Lung Water and Dry Lung Weights and Wet-to-Dry Weight Ratio
Lung weights, extravascular lung water and dry lung weights, and the extravascular wet-to-dry weight ratios were similar in the two normoxia groups (Table 2 ). In the wild-type hyperoxia group, lung weight and extravascular lung water and dry lung weights increased but the ratio was unchanged. By contrast, in the iNOS-deficient hyperoxia group each of these values increased, the increase in lung weight and extravascular lung water weight being greater than in the wild-type hyperoxia group ( Table 2) .
Immunohistochemistry of iNOS and Nitrotyrosine
Bronchial and bronchiolar epithelial cells, and some alveolar type II cells (Figure 4 ), expressed iNOS in the wildtype mice, the number of immunoreactive alveolar type II cells being greater in hyperoxia (Figure 4) . iNOS antibodies from Alexis Biochemicals, Transduction Laboratory, and Biomol Research Labs) detected iNOS reactivity in the iNOS-deficient mice (data not shown). This finding, and data showing detection of the 3Ј region of iNOS mRNA in the lung tissue of the iNOS-deficient mice (see earlier text), indicated the presence of an incomplete, nonfunctioning, shorter iNOS protein that contains an epitope detected by these antibodies, all of which are directed to the C-terminal (3Ј region) of iNOS protein.
Nitrotyrosine was weakly expressed by bronchial (Figure 5) and bronchiolar epithelial cells, and by a few alveo- The total cell counts in BALF were similar in the normoxia groups of mice, and in both groups all of the cells were alveolar macrophages. Fewer of these cells were recovered from the lungs of mice in the wild-type hyperoxia group. Similarly, in the iNOS-deficient hyperoxia group, fewer alveolar macrophage were recovered but the total cell count was maintained by an increase in the number of PMNs. PAMs, pulmonary alveolar macrophages. *P Ͻ 0.05 comparing wild-type normoxia and wildtype hyperoxia groups; $$ P Ͻ 0.01 comparing iNOS-deficient normoxia and iNOS-deficient hyperoxia groups; † † P Ͻ 0.01 comparing wild-type hyperoxia and iNOS-deficient hyperoxia groups. lar type II cells, in both normoxia groups (Figures 5 and 6 ) and was increased in both hyperoxia groups (Figures 5 and  6 ). Increased numbers of PMNs were evident in the lungs of the iNOS-deficient hyperoxia group but these cells did not express nitrotyrosine ( Figure 5 ).
Discussion
The new findings in this study include: (1) Depletion of the 5Ј region of the iNOS gene in mice is associated with a high leukocyte count and exacerbates hyperoxia-induced lung injury, as determined by elevated albumin and LDH levels in BALF and by the increased extravascular lung water level. (2) In the wild-type group a reduced level of lung injury was associated with increased levels of iNOS mRNA expression in the absence of leukocyte recruitment. (3) Increased nitrotyrosine expression in both the iNOS-deficient and wild-type mouse lungs indicates that an iNOS-independent pathway is active in hyperoxia-induced acute lung injury.
The response to hyperoxia is known to differ among mouse strains (9) and we cannot exclude that background inhomogeneity of genes expressed by the iNOS-deficient (C57BL/6J ϫ SV129) and wild-type mice (F1 generation of C57BL/6J and SV129) represents a contributing factor in the present study. On the basis of a mean survival time of 86.4 h for C57BL/6 and 114.5 h for SV129/J mice in Ͼ 95% O 2 (9), the survival time of our wild-type mice indicates greater tolerance by the hybrid (135.0 Ϯ 3.6 h, mean Ϯ SEM; n ϭ 24). Inasmuch as our mice were only 4 to 8 wk old, increased tolerance may also be age-related (29) . The absence of PMNs in the lungs of the wild-type mice, which may reflect the relatively slower rate of recruitment in young animals (30) , likely also contributed to increased tolerance.
Our finding of the expression of an iNOS epitope in the iNOS-deficient animals is supported by a study of cerebral ischemia in iNOS-deficient mice (31) derived from the same colony as ours. Glial cultures exposed to cytokines displayed a molecular mass of ‫ف‬ 112 kD close to that predicted (116 kD) if the first 113 amino acids (exons 1 through 4) of iNOS were absent and, on the basis of nitrite/nitrate levels released by the glial cells, the expressed iNOS were nonfunctional (31) . The iNOS protein is a didomain enzyme with an N-terminal oxygenase domain, containing binding sites for L-arginine and heme and a C-terminal reductase domain containing binding sites for flavin mononucleotide, flavin adenine dinucleotide, and nicotinamide adenine dinucleotide phosphate (NADPH). The shorter iNOS mRNA expressed in the iNOS-deficient mice is predicted to reserve the reductase domain without the oxygenase domain (31) , and, because activity is dependent EVLW, extravascular lung water weight; EVDW, extravascular dry lung weight; W/D, ratio of extravascular wet weight (EVLW ϩ EVDW) to extravascular dry lung weight (EVDW).
*P Ͻ 0.05 and † P Ͻ 0.01 comparing wild-type normoxia and wild-type hyperoxia.
‡ P Ͻ 0.05 and § P Ͻ 0.01 comparing iNOS-deficient normoxia and iNOS-deficient hyperoxia.
ʈ P Ͻ 0.01 comparing wild-type hyperoxia and iNOS-deficient hyperoxia. upon dimerization (32), would thus be nonfunctional. Because the iNOS promotor and exons 1 through 4, including the start codon ATG on exon 2, were deleted, it may be that transcription of nondeleted exons in the 3Ј region occurs through another pathway-possibly from an ATG codon at bases 524-526 with the same reading frame as the wild-type gene but with the same termination codon, resulting in the expression of a shorter protein fragment. Although translation of this altered gene product results in a nonfunctional NOS, the possibility of alternate functions for the shorter protein cannot be excluded. The reductase domain of NOS is capable of catalyzing the transfer of electrons from NADPH to a variety of exogenous acceptors, and, if such an acceptor is oxygen, electron transfer to oxygen will produce superoxide. Recent evidence suggests that the NOS reductase domains are poor superoxide generators, however, because they are slow to transfer electrons from the reductase domain in the absence of an oxygen binding site to dissolved oxygen (33) .
iNOS Protects against Leukocyte Recruitment in Hyperoxic Lung Injury
The lung is unusual in that, in contrast to most other organs, iNOS is expressed constitutively (6, 34) although expression levels are relatively weak. Depending upon the species, bronchial epithelial cells, alveolar type II cells, and interstitial and alveolar macrophages each express iNOS protein (5, 22, 35, 36) . In the wild-type mice included in the present study, iNOS was expressed constitutively by each of these cell types save alveolar macrophages, and in response to hyperoxia the expression of iNOS increased in the epithelial type II cells. Our finding that hyperoxic lung injury is enhanced in the iNOS-deficient mice, and previous data (6) , suggest that the increased iNOS expression levels in wild-type mice protect the lung from an influx of PMNs and from PMN-associated injury.
Increased iNOS expression by type II cells in the wildtype hyperoxia group indicates that these cells play a role in inhibiting PMN sequestration and PMN-dependent lung injury. Further evidence for this is provided by restoration of the deformability of zymosan-treated PMNs by NO-generating compounds, and prevention of the expression of adhesion molecules in pulmonary vessels and PMN accumulation in the lung by inhaled NO (37) . Because most type II cells are located at the corners of alveoli, close to pulmonary arterioles (before their division into capillaries), NO derived from iNOS in these cells may promote the passage of PMNs through narrow capillary channels by retaining their ability to deform. The accumulation of PMNs in the hyperoxia-injured lung would thus be suppressed by NO derived from increased type II cell expression of iNOS. Direct tracheal instillation of TNF-␣ (38) or IL-1 (39) protects against oxygen toxicity, and several proinflammatory cytokines induced in hyperoxia, including TNF-␣ and IL-1␤ (7-9), initially attract PMNs into the lung but then induce iNOS activity which suppresses PMN accumulation. In line with this, induction of iNOS via these cytokine pathways, as well as the protective effect of antioxidant enzymes, likely also contributes to the response reported herein.
Our finding that iNOS expression was not expressed in alveolar macrophages in acute hyperoxia is in contrast to our previous findings (22) in a rat model of chronic exposure (1 to 4 wk at 87% O 2 ). To confirm this finding, we extracted mRNA from alveolar macrophages obtained from mice in our model by purifying the mRNA through an oligo-dT column, and amplified the derived cDNA by RT-PCR for 80 cycles. We were unable to detect iNOS mRNA in either normoxic or hyperoxic lung tissue despite marked expresssion of GAPDH as an internal control (data not shown). These findings suggest that in a mouse model of acute hyperoxia-induced lung injury the contribution of alveolar macrophage-derived iNOS is negligible.
iNOS Offers No Protection against Leukocyte-Independent Hyperoxic Lung Injury
Nitrotyrosine is considered a footprint of peroxynitrite (a potent reactive product of NO and superoxide anion) and a marker of an NO-dependent pathway of nitration (40) . And in the lungs of rats exposed to 100% O 2 for 60 h, large amounts of nitrotyrosine have been found (41) . The similarity in distribution of nitrotyrosine-expressing cells, however, in wild-type and iNOS-deficient mice exposed to pathogens (42) , and to hyperoxia in our study, suggests a common pathway of injury independent of peroxynitrite generation. Recent studies suggest that nitrotyrosine can be produced by alternative pathways in which tyrosyl radicals and nitrite are generated simultaneously (27) , the tyrosyl radicals being produced by a variety of enzymes and presenting susceptible sites for nitration by nitrite. In an important alternate (and peroxidase-dependent) pathway, nitrotyrosine is generated by tyrosine acting as a substrate for peroxidases, e.g., myeloperoxidase (43) , eosinophil peroxidase, bronchial epithelial cell lactoperoxidase (27) , or peroxisome-derived peroxidases.
Nitrotyrosine expression and lung injury in the iNOSdeficient mice may occur via an NO-dependent pathway, through NO generation via another NOS isoform, or via a peroxidase-dependent pathway and the generation of hemecontaining peroxidases. Although PMN-derived myeloperoxidase may generate nitrotyrosine (43) there was no evidence that this occurred in the present study because PMNs did not infiltrate the lungs of wild-type mice and in the iNOS-deficient mice, despite high numbers, these cells failed to express nitrotyrosine. Given the importance of this pathway, further studies are warranted to confirm that PMN-generated myeloperoxidase does not contribute to pulmonary production of nitrotyrosine in hyperoxia. In both the wild-type and iNOS-deficient mice, NOS I or III or peroxidase derived from bronchial epithelial or type II cells may be responsible for tyrosine nitration in hyperoxia, and NOS I-or III-derived NO or blood may provide a sufficient amount of nitrite for nitrotyrosine formation via the peroxidase pathway. Given that nitrotyrosine is a general marker of reactive NO species and/or tyrosyl radicals susceptible to nitration by nitrite, and of the nitration of cellular components that result in cell injury, our data indicate the presence in the mouse of an iNOS-independent pathway of lung nitration and injury in hyperoxia. The mechanism of iNOS-independent lung injury in hyperoxia that is associated with leukocyte accumulation warrants further investigation.
In conclusion, iNOS expression increased in response to hyperoxic exposure, which resulted in reduced leukocyte accumulation in the lungs and less lung injury. Nitration of lung tissue in hyperoxia was independent of iNOS. These results suggest that iNOS-derived NO can protect against hyperoxic lung injury, because the absence of iNOS exacerbates acute lung injury.
